Am. J. Physiol. 254 (Cell Physiol. 23): C759-C768, 1988.-The relationship between semitendinosus muscle force and knee joint kinematics during isometric torque production was examined in the frog (Rana pipiens) hindlimb. Passive muscle sarcomere length was monitored by laser diffraction during knee rotation, and joint center of rotation was determined later using principles of rigid body kinematics. Contractile force at the distal tibia, resulting from semitendinosus contraction, was also measured, and, using the kinematic data, a torque vs. joint angle curve constructed. Muscle sarcomere length varied from 3.6 pm at full knee extension to 2.0 ,urn at full knee flexion. Effective lever arm varied almost as a sine function, with optimal lever arm at 90" of flexion. Joint torque increased linearly from 0 to 140" of flexion and then sharply decreased to 160" of flexion. Thus the optimal joint angle occurred at an angle (140") that was neither the angle at which muscle force was maximum (160") nor the angle at which the effective lever arm was maximum (9OO). These data indicate that knee torque production in the frog results from the interaction between muscular and joint properties and not either property alone, number of studies have related muscle sarcomere length to joint position in animals. The classic sarcomere length-tension relationship (10) stated that tetanic force generation in the isolated frog muscle fiber was a direct function of the amount of overlap between myosin and actin filaments. At sarcomere lengths from 2.2-3.6 pm ("descending limb" of the length-tension curve, Fig. l Fig. 1 ), force decreased caused from physical blockage of cross-bridge formation by the filaments themselves. Thus sarcomere length in the frog muscle fiber was directly related to muscle force production and served as a precise indicator of the relative force that a muscle generated at a given length.
Interestingly, the majority of animal experiments in which sarcomere length and joint angle have been related joint torque; knee joint; semitendinosus muscle; laser diffraction; Rana pipiens were performed on jaw muscles (13, 27) . In these studies, jaw musculoskeletal contractile properties were measured and then jaw muscles chemically fixed at different degrees of gape. Investigators concluded that maximum JOINT TORQUE PRODUCTION is a normal part ofvolunbiting force occurred near the extreme of their ROM (at tary movement. It is well known that torque varies throughout the normal range of motion (ROM). Inveslarge gape, 27) at which the sarcomere length was ~2.5 pm, on the presumed ascending limb of the mammalian tigators speculate, based on the anatomy of the musculength-tension curve (27). This differs from similar studloskeletal system, that joint torque variation represents ies on mammalian limb muscles in which the cat soleus the interaction between intrinsic skeletal muscle propand gastrocnemius muscles generated maximum tension erties (i.e., the length-tension relationship; 3,10) and the in the middle of their ROM with the ankle at a tibiotarsal moment arms about which the muscles act (i.e., the joint angle of 30-60" (30, 37) and rabbit hindlimb muscles kinematics). At the "optimal joint angle" (OJA, the angle operated over the plateau region of the mammalian length-tension curve, near a sarcomere length of 2.5 pm (6) .
at which torqu ,e is maximum), muscle force is often assumed to be max imum. However, th .e literature is controversial on this issue. Some studies have concluded Investigators thus differ as to whether normal torque that the joint angle at which muscle force is maximum variation is caused by changing muscle moment arm, is actually outside the normal range of motion (1, 12,25, changing muscle force, or both. In addition, it is not clear 35), whereas others concluded that the OJA and the whether, in vivo, muscle normally functions at or near angle at which muscle force is maximum nearly coincided (17, 18 fixed tissue, not on living muscle during in situ joint movement. Thus the objective of this study was to measure sarcomere length, knee joint kinematics, and knee joint torque in the frog semitendinosus muscle-knee complex in situ. This is the same muscle from which the classic sarcomere length-tension relationship was obtained (lo), enabling direct prediction of force based on sarcomere length measurement. The objective was to elucidate the underlying mechanism of isometric flexor torque generation in the frog knee.
METHODS
Sarcomere length measurements. The dorsal head of the semitendinosus muscle from the grassfrog (Rana pipiens) was chosen because of its well-established sarcomere length-tension relationship (10) and longitudinal fiber architecture. The semitendinosus is a biarticular muscle, functioning primarily in the frontal plane as both a hip extensor and a knee flexor. Frogs were killed by double pithing. Average muscle sarcomere length was determined using the technique of laser-light diffraction (21, 33, 39) . Sarcomere length was calculated by measuring the spacing between the two first-order diffraction lines that were imaged onto a photodiode array (22). Diffraction order spacing was converted to diffraction angle using appropriate calibration factors and sarcomere length calculated from the plane grating equation, nX = &sin& where n is diffraction order (tl, t2 . l l ), X is laser wavelength (0.6328 pm for the helium-neon laser), 0 is diffraction angle, and d is sarcomere length. Resolution of the system was -5 nm, but because of peak width and peak asymmetry, practical accuracy was limited to ~20 nm, which was similar to that reported by Paolini and Roos (29) for whole frog muscle.
Muscle fiber architecture. Muscle fiber architecture was determined according to a modification of the methods of Sacks and Roy (34). Briefly, muscles were fixed in 10% buffered Formalin (formaldehyde solution) for 24-72 h, rinsed in 0.4 M phosphate buffer at pH of 7.2, and placed in 15% HzS04 for 24 h. Muscle length was measured with dial calipers as the distance from the origin of the most proximal muscle fibers to the insertion of the most distal fibers. Bundles consisting of lo-15 muscle fibers were then dissected from the muscle for bundle length measurement. It was determined, by dissection of single fibers, that the length of these small bundles was not significantly different from the length of the composite individual fibers. Pinnation angle, as measured using a dissecting microscope and goniometer, was not measurably different from 0".
Sarcomere length along muscle length. To determine whether sarcomere length measurements at points on the muscle midportion were representative of the average sarcomere length along the entire muscle, the sarcomere length distribution along the length of 10 muscles that had been excised, was determined. The tendons of isolated semitendinosus muscles were fixed to glass slides using cyanoacrylate glue. Slides were then placed on the stage of the diffractometer, and sarcomere length was measured at l-mm increments along the muscle with 0 mm defined as the origin of the most proximal muscle fibers. It was impossible to obtain diffraction patterns from the proximal and distal 2-3 mm of the whole muscle caused by light scattering by the tendons. This resulted in a diffractable muscle length of ~15 mm in the midportion of the muscle (70% of the total muscle length). As a result, the shorter sarcomeres, which are known to occur at the extreme ends of the muscle fibers (16), were not measured in this study.
Sarcomere length us. joint angle. In 10 animals, immediately after death, the thighs were exposed bilaterally, and all of the thigh musculature and skin were removed except the dorsal head of the semitendinosus muscle. Care was taken to keep all relevant structures intact, including the muscle, proximal and distal tendons, and the knee and hip joint capsules. The muscle-bone complex, consisting of the pelvis, femura, tibiae, and semitendinosus muscles, was secured to the horizontal arm of a specially designed jig ( Fig. 2 ) using 3-O stainless steel suture. The vertical shaft of the jig was attached to a potentiometer configured as a voltage divider. The voltage divider was driven by a variable gain strain-gauge signal conditioner with digital indicator (model 3270, Daytronic, Miamisburg, OH), providing a digital readout (in degrees) of estimated joint angle during experimentation.
The muscle-bone complex, attached to the jig, was secured to a micromanipulator ( Fig. 2 ) and immersed into a 150.ml chamber containing chilled frog Ringer solution (14°C) composed of (in mM): 115 NaCl, 2.5 KCl, 2.15 Na2HP04, 1.8 CaC12, and 0.85 NaH2P04 (pH 7.0), circulating at a rate of about 50 ml/min. For measurement of sarcomere length vs. knee joint angle, the hip joint was immobilized at 90" of flexion by placing pins through the pubic and iliac bones and securing them to the horizontal arm of the jig. The knee joint was then manipulated through its range of motion from 0 to 160" Semi tendinosus m. between electrodes To sti of flexion at 10" intervals while measuring sarcomere length in the muscle midportion. The knee joint angle was estimated by the electrogoniometer as 180" minus the angle between the long axes of the femur and tibia (Fig. 2) .
To determine joint angle estimation accuracy, radiographs were obtained from 6 joints, each at 10 joint angles, using the Faxitron X-ray system (model 43805N, Hewlett-Packard, Palo Alto, CA) at an accelerating voltage of 30 kV and an exposure time of 45 s. Joint angle error was calculated as the difference between the desired joint angle (i.e., the angle displayed on the digital readout) and the angle measured from the radiograph. Joint angle error was 0.7 t 3.6' (mean t SD, n = 60 measurements), which was not significantly different from 0 (P > 0.1).
Joint torque measurement. In 10 animals, hindlimbs were prepared as described above, and a 0.5-mm hole was drilled in the distal tibia. A length of 8-O silk suture was tied to the hole, passed through the wall of the chamber, and secured inside the glass stem of a force transducer (Cambridge model 400, Cambridge Technology, Cambridge, MA) using 57°C paraffin and oriented so that the tibia was 90" to the transducer (Fig. 2) . The compliance of the system was 6 pm/g, which minimized the tendency for the tibia to internally rotate during muscle contraction. (This tendency resulted from the medial insertion of the semitendinosus tendon and the pronounced knee laxity that occurred after removal of most of the thigh musculature. Therefore, during muscle stimulation, semitendinosus contraction tended to rotate the tibia on its long axis, stressing the 8-O suture.) Transducer sensitivity was 2 V/g, resolution was 100 pg, and there was negligible drift over the experimental period (-4 h). Tetanic torque was determined by stimulating the semitendinosus using bipolar electrodes placed along the muscle length. Stimulation field strength was -50 V/cm, pulse duration 3 ms, frequency 60 Hz, and train duration 300 ms. Stimulation and data acquisition were synchronized by the data acquisition system described by Lieber et al. (23) . The force generated at the distal tibia was recorded at 10" increments over the range O-160" of knee flexion. Every fifth measurement was made at 90" to determine whether a correction for muscle fatigue was necessary. This testing protocol resulted in no significant difference between successive 90" torque readings over the entire 4-h testing period (mean difference between successive 90" readings = 0.01 & 0.09 g-cm, P > 0.4). In addition, linear regression yielded no significant relationship between torque readings obtained at 90" and time (P >' 0.8). As a result, no correction for muscle fatigue was employed.
Measurement of maximum tetanic tension. After torque measurements, the semitendinosus origin and insertion tendons were cut free from the pelvis and tibia, respectively, and secured with 4-O silk suture. One suture was attached to a force transducer (Entran model ELF-T500-2, Entran Devices, Fairfield, NJ) driven by a straingauge conditioner (Daytronic model 3270, Daytronic), and the other tendon was secured to a micromanipulator. The muscle was stimulated in 0.5-mm increments in length through use of the above parameters. This provided a muscle length-tension curve from which maximum tetanic tension (PO) and optimal muscle length (L,) were obtained. The muscles were then dissected free of the.bones, muscle mass was determined, and the tibiae and femura were stored with the joint capsule intact at -10°C for future measurement of joint kinematics.
Normalized maximum tension was calculated using F (kg/cm*) maximum tension (kg)/ = mass (g)/density (g/cm") *fiber length (cm) where F is normalized maximum tension and muscle density is 1.056 g/cm3 (26).
Joint kinematics measurements.
Joint center of rotation was determined on the same 10 specimens from which contractile data were obtained. The method used was based on the technique of Reuleaux (31) with the added theoretical and experimental error reducing methods of Panjabi et al. (28) . First, a distal tibia1 marker point was created by drilling into the end of a distal tibia with a 1.6 mm Kirschner wire and creating a "rigid body extension" along the length of the tibia. This increased the distance from the marker point to the estimated center of rotation (i.e., the magnitude of r; 28) from 50 mm to about 75 mm. An additional marker point was created perpendicular to the long axis of the tibia, which increased the marker angle (8; Ref. 28) to -90". In this way, center of rotation errors caused by small inaccuracies in locating marker points were minimized (28). Finally, a marker point was placed at the location of the semitendinosus muscle insertion. The bones with markers (Fig. 3A) were then placed on the stage of a camera stand and rotated from 0 to 160" of flexion in 10" increments. At each angle, an exposure was taken on a single 35-mm negative (shutter speed l/15 s, f8) that yielded a multiply exposed image of the entire rotation sequence (Fig. 3B) . For each joint, two such negatives were obtained. Prints (16 x 20 in.) were enlarged from each negative and the marker points digitized three times per print to reduce the effects of small positional fluctuations. The center of rotation was calculated by the Resuleaux method (31) and the semitendinosus muscle moment arm calculated as the perpendicular distance from the semitendinosus insertion point to the calculated center of rotation. Effective moment arm was calculated as the moment arm multiplied by the sine of the joint angle. After digitization, a graphic representation of the joint kinematics was generated by the computer (Fig.  30 To view detailed knee joint geometry, knee joints were fixed in 10% Formalin for 24 h, decalcified in 30% formic acid for 8 h, dehydrated in graded alcohols, and embedded in paraffin. The blocks were sectioned into 6-pm thick specimens on a Riechert rotary microtome (model 820 Histostat, Riechert Scientific Instruments, Buffalo, NY) CAxdation of joint torque vs. joint angle. After acquisition of the contractile and kinematic data, torque at each joint angle was calculated as the product of the effective moment arm and the distal tibia1 force (Fig. 4) .
BMDP program PlV). Results were considered significant for P < 0.05.
RESULTS
Sarcomere length along muscle length. One-way AN-OVA revealed that there was no significant variation in sarcomere length along the length of the muscle (P > (P < 0.0001, r = 0.914). Therefore, for each 10" of joint Statistical analysis. The relationship between sarco-flexion, sarcomere length decreased by -90 nm. Intermere length and knee joint angle, sarcomere length and estingly, sarcomere lengths fell on the descending limb distance along the muscle, and tension at 90" and time and plateau of the length-tension curve ( Fig. 1) . Thus, were analyzed by linear regression (BMDP program PlR; during joint rotation, muscle force was only -5% maxi-7). The variation of sarcomere length along the muscle mum at full extension (dotted line, Fig. 5 ), whereas near was analyzed by one-way analysis of variance (ANOVA, full flexion (160"), force was maximized. Frog semitendinosus properties. Normalized tension measured at the conclusion of the experiment (1.4 kg/ cm2, Table 1 ) was in the normal range for frog semitendinosus muscle at 14°C (2), indicating no muscle deterioration. The bundle length-to-muscle length ratio was 0.70 (Table l) , which is in good agreement with reported values for the semitendinosus muscles of cats (34), humans (38) , mice, rats, guinea pigs, and rabbits (32). Architecturally, therefore, the frog semitendinosus is similar to the mammalian semitendinosus.
Knee joint kinematics. A typical photographical record and associated computer analysis of joint kinematics are shown in Figs. 3 , B and C, respectively. For simplification, only one set of rotation marker points are plotted.
The center of rotation (Fig. 3C, l ) remained relatively constant and the insertion of the semitendinosus (Fig.  3C , +) traversed a relatively smooth arc. The muscle moment arm (i.e., the perpendicular distance between the center of rotation and muscle insertion) remained relatively constant throughout the entire joint range of motion, varying from a minimum of 0.37 cm to a maximum of 0.44 cm (Fig. 6A) . Two local maxima were observed at 30 and 100" and a minimum at 60" of flexion. Despite these small variations, the joint behaved very much like an ideal hinge joint (Fig. 6C) . Effective lever arm vs. joint angle was well approximated by a sine curve using the equation y (cm) = 0.41 (cm). sin (x) (r = 0.98, P < 0.0001). Light micrographs of the frog knee joint (Fig. 6B ) revealed knee morphology that was simpler than the human knee. The "tibia1 plateau" was actually well approximated by an ellipse, and the femoral head did not demonstrate the dramatic posteriorly facing condyles observed in humans. In spite of attempts to fix and section frog knee joints at a number of different angles, the underlying structural basis for the small systematic moment arm variations was not clearly demonstrated.
Experimental torque measurements. For each muscle studied, the measured tibia1 forces and measured moment arms were combined to yield the relationship between torque and joint angle. At full knee extension, the force measured at the distal tibia was relatively small and the time required to reach peak tetanic tension was long, indicating high muscular passive tension (see tension record, lo", Fig. 4 ). As the knee joint was flexed, tibia1 force increased and the time required to reach peak tetanic tension decreased. (Near full flexion, the muscle was in a slack position.) Maximum effective lever arm occurred at 90" and decreased as a sine function at larger and smaller angles (see bars above contractile records, Fig. 4; Fig. 6C ). The summarized torque data for all animals (Fig. 7 ) demonstrated a linearly increasing torque from 0 to 140" and a sharp drop in torque from 140 to 160". The small torque inflection at 60" corresponded to the small decrease in the muscle moment arm curve (Fig. 6) . Inspection of contractile, kinematic, and torque data demonstrated that maximum torque occurred at an angle (140", Fig. 7 ) that was neither the angle at which the moment arm was maximum (go", Fig. 6) nor the angle at which muscle force was maximum (160", Fig. 5 ).
DISCUSSION
The interaction between intrinsic muscle properties and joint kinematics that occurs during torque production is poorly understood, despite the detailed studies of whole muscle (14), isolated muscle fibers (15), and the kinematics of a number of joint systems (5, 24, 36).
Investigators differ as to whether joint torque variation results primarily from joint kinematics, intrinsic muscle properties, or both. For example, Marsh et al. (25) and Sale et al. (35) measured human ankle dorsiflexion and plantarflexion torque, respectively, as a function of ankle angle. They concluded, based on torque and radiographic measurements, that the OJA did not coincide with the resting joint angle (i.e., the angle assumed with no external forces imposed on the ankle) and that the angle at which muscle force was maximum was actually outside the normal ROM (35). They also concluded that the location of the OJA was more a function of ankle kinematics than intrinsic muscle properties (35). Similar conclusions were reached by Hasan and Enoka (12) who studied elbow flexion at submaximal activation levels and Andriacchi et al. (1) who studied knee flexion.
In contrast, in a study of the human biceps brachii, Ismail and Ranatunga (17) Knapik et al. (18) measured knee extension torque, f i 1 ii and, using the kinematic data of Smidt (36) , concluded that the location of the OJA was determined primarily by knee kinematics. They postulated that the torque increase observed from 90 to 60" of knee flexion was caused by increasing lever arm (with muscle force remaining relatively constant), and the torque decrease observed from 60 to 30" of flexion was caused by decreasing muscle force (with lever arm remaining relatively constant). Haffajee et al. (11) also measured knee joint torque while subjects were allowed to view their average electromyogram to maintain a constant muscle activation level. In addition, they measured knee kinematics from plane radiographs. Because joint torque decreased by 50% from 50 to 90" of flexion and, in the same interval, quadriceps lever arm decreased by only 25%, they concluded that muscle length variations were of great im- Fig. 6A ).
angle at which muscle force was maximum (determined indirectly by calculation) very nearly coincided. However, because the OJA of the isolated biceps brachii (measured during electrical stimulation) did not coincide with the OJA of the combined elbow flexors (measured during maximum voluntary contraction), they hypothesized that at least one elbow flexor group had lengthtension properties that were substantially different from the biceps.
portance in determining torque magnitude. The data obtained in the present study document the interaction between muscle properties and joint kinematics for the frog knee flexor. The general curvilinear shape of the torque curve obtained (Fig. 7) is similar to curves obtained from human studies (12, 17, 25, 37) . In the present study, optimal knee joint angle occurred at 140" of flexion. At this angle, muscle sarcomere length was -2.7 pm, corresponding to a muscle force of only 80% maximum. The sarcomere length that produced the greatest tension (2.0 pm) occurred at 160" of flexion, corresponding to a muscle force of 100% maximum, However, because the joint kinematics were not favorable at this angle (only 70% maximum moment arm), the resultant torque at 160" was only 75% of the torque at 140*. Thus, in the musculoskeletal system presented here, torque production resulted from the interaction FIG. 8 between intrinsic muscle properties and joint kinematics (see schematic Fig. 8) , not either property alone. In the frog semitendinosus-knee system, sarcomere length linearly decreased, and thus, muscle force linearly increased during flexion throughout the ROM (Fig. 8,  curue 3' ). Thus, muscle force modulation during joint rotation was a physiological property of the torque-generating system. As muscle force linearly increased, muscle moment arm varied approximately as a sine function (Fig. 8, curue R) . Maximum mechanical advantage thus occurred at 90" of flexion. However, at this angle, muscle force was only -40% of maximum, so that the overall torque generated at the kinematic optimum (90") was less than maximum torque. At the point where muscle force was maximum (1600), the kinematics were not sufficiently favorable to produce large torque. It follows from this argument that torque generation throughout the ROM (Fig. 8 , curue R X F) resulted from the interaction of both muscle and joint properties and did not simply reflect either property alone.
The fact that the angle at which muscle force in maximum does not necessarily occur at the optimal joint angle has significant implications in orthopedic surgery and rehabilitation.
For example, it has been suggested that muscle strengthening is related to the amount of physical stress imposed on a muscle during exercise (8) or electrical stimulation (19). In the prevention of disuse atrophy, for example, functional electrical stimulation therapy is normally applied at the optimal joint angle. However, based on the results of this study, it may be preferable to apply functional electrical stimulation at the joint angle at which muscle force is maximum, rather than the optimal joint angle, for maximum strengthening.
A second consequence of this study relates to the practice of the tendon transfer operation. This study demonstrated that the length-tension relationship represented a physiological property of the torque-generating system, not simply a functional consequence of muscle ultrastructure.
If muscles are to be reattached at other than their normal length, then the nature of the torque-generation curve will be significantly altered. As similar data become available from mammalian systems, they may ultimately be used by the surgeon performing tendon transfer operations to determine appropriate donor muscles as well as optimal reattachment sites (4, 9, 20) .
